Vertical distribution of sub-micron aerosol chemical composition from North-Western Europe and the North-East Atlantic by W. T. Morgan et al.
Atmos. Chem. Phys., 9, 5389–5401, 2009
www.atmos-chem-phys.net/9/5389/2009/
© Author(s) 2009. This work is distributed under
the Creative Commons Attribution 3.0 License.
Atmospheric
Chemistry
and Physics
Vertical distribution of sub-micron aerosol chemical composition
from North-Western Europe and the North-East Atlantic
W. T. Morgan1, J. D. Allan1,2, K. N. Bower1, G. Capes1, J. Crosier1,2, P. I. Williams1,2, and H. Coe1
1Centre for Atmospheric Science, University of Manchester, Manchester, UK
2National Centre for Atmospheric Science, University of Manchester, Manchester, UK
Received: 6 March 2009 – Published in Atmos. Chem. Phys. Discuss.: 6 April 2009
Revised: 10 July 2009 – Accepted: 27 July 2009 – Published: 3 August 2009
Abstract. A synthesis of UK based airborne in-situ mea-
surements of aerosol properties representing air masses from
North-West Europe and the North-East Atlantic is presented.
The major focus of the study is the vertical distribution of
sub-micron aerosol chemical composition. Vertical proﬁles
are derived from a Quadrupole Aerosol Mass Spectrometer
(Q-AMS). Background sub-micron aerosol vertical proﬁles
are identiﬁed and are primarily composed of organic mat-
ter and sulphate aerosol. Such background conditions oc-
curred predominantly during periods associated with long-
range air mass transport across the Atlantic. These instances
may serve as useful model input of aerosol to Western Eu-
rope. Increased mass concentration episodes are coincident
with European outﬂow and periods of stagnant/recirculating
air masses. Such periods are characterised by signiﬁcantly
enhanced concentrations of nitrate aerosol relative to those
of organic matter and sulphate. Periods of enhanced ground
level PM2.5 loadings are coincident with instances of high
nitrate mass fractions measured on-board the aircraft, indi-
cating that nitrate is a signiﬁcant contributor to regional pol-
lution episodes. The vertical structure of the sulphate and
organic aerosol proﬁles were shown to be primarily driven
by large-scale dynamical processes. The vertical distribution
of nitrate is likely determined by both dynamic and thermo-
dynamic processes, with chemical partitioning of gas phase
precursors to the particle phase occurring at lower tempera-
tures at the top of the boundary layer. Such effects have pro-
found implications for the aerosol’s lifetime and subsequent
impacts, highlighting the requirement for accurate represen-
tation of the aerosol vertical distribution.
Correspondence to: W. T. Morgan
(william.morgan@postgrad.manchester.ac.uk)
1 Introduction
Uncertainty surrounding the impact of atmospheric aerosol
is a major barrier to accurate prediction of future anthro-
pogenically induced climate change (Forster et al., 2007).
Human activity has increased the atmospheric aerosol con-
centration, which is known to signiﬁcantly alter the Earth’s
radiative equilibrium on regional to global scales (e.g. Hay-
wood and Boucher, 2000). The direct and indirect aerosol
radiative forcing strongly depends upon aerosol properties as
a function of height (e.g. Forster et al., 2007). The chemi-
cal composition of the aerosol is one such property. Global
aerosol models require direct representation of aerosol chem-
ical composition (e.g. Textor et al., 2006). The AeroCom ex-
ercise (Kinne et al., 2006; Schulz et al., 2006; Textor et al.,
2006) established signiﬁcant differences between participat-
ing models in terms of vertical aerosol dispersion (Textor
et al., 2006). This variance contributes signiﬁcantly to uncer-
tainties in estimates of aerosol lifetimes in the atmosphere,
which in turn impacts their climate effect. Ground based
measurements of aerosol composition are numerous, facili-
tating model comparisons at the surface. However, in-situ
vertical proﬁles of aerosol chemical speciation are sparse.
Consequently, there is a need for high-quality measurement
data of aerosol properties as a function of altitude.
Traditional methods for aerosol composition measure-
ments, such as ﬁlter based techniques, are incapable of pro-
viding highly time resolved vertical proﬁles. Novel online
techniques are required to accurately measure the vertical
distribution of aerosol composition. Examples of such in-
struments are the Particle-Into-Liquid Sampler (PILS, Weber
et al., 2001) and the Aerodyne Aerosol Mass Spectrometer
(AMS, Jayne et al., 2000; Canagaratna et al., 2007). Both
have demonstrated the capability to quantitatively measure
aerosol composition from airborne platforms (Bahreini et al.,
2003; Lee et al., 2003; Orsini et al., 2003; Crosier et al.,
2007a).
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Dynamical processes control the advection of aerosol and
their precursors to the sampling region. This has been shown
tomodifytheconcentrationandrelativedistributionofchem-
ical species of sub-micron aerosol in the planetary bound-
ary layer (e.g. Bahreini et al., 2003; Schneider et al., 2006;
Crosier et al., 2007a). A complicating factor regarding the
aerosol vertical distribution is the role of chemical, rather
than large-scale dynamical effects. Ammonium nitrate for-
mation close to the top of the boundary layer is an exam-
ple of this (Neuman et al., 2003; Morino et al., 2006). This
phenomenon is driven by partitioning between the gas and
particle regimes, which is strongly dependent upon tem-
perature and relative humidity (Stelson and Seinfeld, 1982;
Mozurkewich, 1993). The partitioning is biased towards the
particle phase at lower temperatures and high relative humid-
ity.
Characterisation of aerosol processes and properties on re-
gional scales is paramount in order to assess regional air
quality and to predict future changes in atmospheric vari-
ables, such as temperature and precipitation. Atmospheric
processes over the UK provide a useful test case, as aerosol
properties are expected to be signiﬁcantly modulated by the
dominant meteorological synoptic situation. As a result, the
UK is representative of a much wider region encompassing
North-Western Europe and the North-East Atlantic. Abdal-
mogith and Harrison (2005) found signiﬁcant variations in
sulphate and nitrate at two ground based locations in the UK
due to differing air mass histories. Higher concentrations
were associated with south-easterly and easterly back trajec-
tories originating from continental Europe. Coe et al. (2006)
showed that, during marine conditions, background input of
sulphate and organic aerosol into Western Europe were be-
tween 0.5 and 1.0µgsm−3. Thus variability in mass concen-
trations and the relative fraction of chemical species is well
established.
This paper presents measurements of aerosol properties
in the UK region from the UK Facility for Airborne Atmo-
spheric Measurements (FAAM) BAe-146 research aircraft.
The vertical distribution of aerosol chemical composition is
the major focus of the study. The inﬂuence of air mass his-
tory upon the aerosol mass concentration and relative chemi-
calcomponentswillbeinvestigatedbaseduponabacktrajec-
tory cluster analysis. High pollution episodes identiﬁed via
the UK ground based measurement network will be exam-
ined using the aircraft data coupled with the back trajectory
analysis.
2 Methodology
2.1 Sampling platform and instrumentation
The FAAM BAe-146 research aircraft has a typical range
of over 3000km and a height ceiling of over 10.5km. The
aircraft’s science speed is approximately 100ms−1. Proﬁle
ascents and descents are made at approximately 150m per
minute below 1km and at 300m per minute above 1km. The
aircraft houses a suite of instruments capable of resolving
aerosol properties. Only instruments used in this analysis are
discussed further. Number size distributions are measured
via a wing-mounted Particle Measurement Systems (PMS)
Passive Cavity Aerosol Spectrometer Probe 100X (PCASP,
Liu et al., 1992; Strapp et al., 1992). The instrument opti-
cally counts particles between 0.1–3µm diameter across 15
channels. Particle number concentrations greater than 3nm
were measured by a TSI Inc. Ultraﬁne Condensation Parti-
cle Counter (CPC, Model 3025A). Furthermore, the facility
provides aircraft position information and measurements of
standard atmospheric variables, such as temperature and rel-
ative humidity.
Measurements made by the Aerodyne Quadrupole
Aerosol Mass Spectrometer (Q-AMS) will be the major fo-
cus of this study. The Q-AMS has demonstrated the capabil-
ity to quantitatively measure the size-resolved chemical com-
position of non-refractory particulate matter of widely vary-
ing volatility (Jayne et al., 2000; Allan et al., 2003; Jimenez
et al., 2003). Furthermore, it is capable of providing such
quantitative measurements with high time resolution in a
range of environments from different platforms, such as air-
craft. Standard operating practises are followed for ambient
sampling (Jimenez et al., 2003), data quantiﬁcation (Allan
et al., 2003) and mass spectrum deconvolution (Allan et al.,
2004). Recent laboratory evidence (Matthew et al., 2008)
indicates that the AMS collection efﬁciency is signiﬁcantly
modulated by particle phase. Here a collection efﬁciency
correction is applied following the principle developed by
Crosier et al. (2007a), which takes into account the nitrate
content of the sampled aerosol.
Crosier et al. (2007a) detailed the operating practises and
sampling strategy for the Q-AMS on-board the BAe-146,
which is summarised here. The Q-AMS was connected to
a Rosemount inlet (Foltescu et al., 1995) via approximately
0.7m of stainless steel tubing with a total residence time
of approximately 4s for the entire inlet system. Samples
were introduced at ambient pressure and sub-micron particle
losses are considered negligible for the operating altitudes
considered by this study (Zhang et al., 2002; Osborne et al.,
2007). Furthermore, wing tip to wing tip comparisons be-
tween different AMS instruments using different inlets have
shown less than 15% difference (Crosier, 2007). The aerosol
sample introduced to the Q-AMS is considered dry. This is
due to the coupled effect of the aircraft cabin temperature
(approximately 298.15K) exceeding ambient temperatures
andadditionalramheatingduetothedeceleratingsampleair-
ﬂow. The ram heating is approximated to be 5K, with an ad-
ditional heating of approximately 10–70K for the operating
altitudes of the aircraft considered by this study. As the ﬂow
is controlled by a critical oriﬁce, increases in altitude cause
decreases in the standard ﬂow rate into the instrument. This
results in an increase in the species speciﬁc detection limits
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of the Q-AMS. Mass concentration values are reported as
micrograms per standard cubic metre (µgsm−3) i.e. at a tem-
perature of 273.15K and pressure of 1013.25hPa. Q-AMS
data points are reported as 30s time intervals.
The Q-AMS comprises three fundamental sections: the
particle beam generation region; the aerodynamic sizing re-
gion and the particle composition region. The particle beam
generation comprises a 130µm critical oriﬁce, which con-
trols the ﬂow rate into the instrument. An aerodynamic lens
system (Liu et al., 1995a,b) is used to collimate the sampled
air into a narrow particle beam with 100% transmission for
40–700nm vacuum aerodynamic diameter (DeCarlo et al.,
2004) particles. DeCarlo et al. (2004) showed that the vac-
uum aerodynamic diameter is related to the mobility diame-
ter by the particle density when assuming spherical particles.
For example, the AMS size range for a dry spherical parti-
cle with a density of 1.6gcm−3 would equate to a mobil-
ity range of approximatley 25–440nm. At reduced ambient
pressure, the lens pressure is reduced as a constant pressure
inlet system was not used. Thus, at reduced pressure, the
transmission efﬁciency through the lens is shifted towards
smaller particle sizes. Consequently, at the highest operating
altitudes, this may degrade the transmission efﬁciency of the
lens. Concentrations at such levels may thus represent lower
limits of the submicron concentrations. Upon exiting the lens
system, the gas undergoes a supersonic expansion and the
particle’s velocity increases as a function of its vacuum aero-
dynamic diameter. The expansion into the vacuum chamber
is dependent upon the upstream lens pressure, which is taken
into account when calibrating the instrument. The particle’s
size may thus be inferred via measurement of its ﬂight time
through the length of the vacuum chamber. Particles then
impact upon a resistively heated surface at a temperature of
approximately 550◦C where they undergo ﬂash vaporisation.
The resultant gas is then ionized via 70eV electrons emit-
ted by a Tungsten ﬁlament. A quadrupole mass spectrom-
eter then classiﬁes the sample ions according to a speciﬁc
mass-to-charge (m/z) ratio. An electron multiplier detects
the resultant ion signal. The aerosol beam is blocked peri-
odically to obtain a mass spectrum of the background in the
vacuum chamber. This is subtracted from the mass spectrum
of the aerosol laden air to remove the background compo-
nent. The Q-AMS employed a Jump Mass Spectrum (JMS,
Crosier et al., 2007b) mode of operation to measure discrete
mass fragments, which enhances the detection limit and time
resolution of the measurements. A zero particle ﬁlter can be
used to determine the detection limit of the instrument inter-
mittently from the standard deviation of the signal ﬂuctuating
about zero. This ﬂuctuation about zero is a consequence of
low signal-to-noise, which can result in negative mass con-
centrationswhensamplingconcentrationsareclosetothede-
tection limit. Negative concentrations are not removed so as
not to bias the statistical vertical proﬁles.
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Fig. 1. Location of vertical proﬁles and constant altitude straight
and level runs (SLRs). The latitude/longitude grid marks out the
sectors referred to in Sect. 2.2. The location of the ground based
monitoring station at Harwell is also shown.
2.2 Location of measurements
The present analysis uses data from 41 ﬂights based in
the UK region. The period covered is from 5 April 2005
to 27 September 2006. The full dataset for both the Q-
AMS data and ﬂight parameters is available from the British
Atmospheric Data Centre (BADC, http://badc.nerc.ac.uk).
The ﬂights are drawn from several projects associated with
aerosol and cloud studies. A total of 339 proﬁles were iden-
tiﬁed from these ﬂights. Low-level (deﬁned as those be-
low 2.5km) Straight Level Runs (SLRs) were also iden-
tiﬁed. Size distributions from the PCASP were available
on 82 SLRs. The location of these proﬁles and SLRs are
summarised in Fig. 1. Predominantly, the measurements
presented are located over marine areas due to air trafﬁc
restrictions placed upon the aircraft. Proﬁles and SLRs
were grouped into “sectors” encompassing a 2◦ by 2◦ lati-
tude/longitude grid based on their median longitude and lat-
itude point. The sectors were assigned on a grid from 48–
60◦ N and between 8◦ W and 4◦ E.
2.3 Back trajectory cluster analysis
Three-dimensional air mass back trajectories were derived
from European Centre for Medium-Range Weather Forecasts
(ECMWF) wind ﬁelds. The start points of the trajectories of
each proﬁle were deﬁned from the latitude and longitude co-
ordinates of the centre of the sector associated with that pro-
ﬁle. The initialisation start time was chosen as 12:00UTC
as this time corresponded most closely to the airborne oper-
ations in all cases. Trajectories were established for the pre-
vious three days at 6 hourly intervals. Three vertical levels
were chosen; 950hPa, 750hPa and 500hPa. A total of 159
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Fig. 2. Variation in R2 and RMS as a function of the number of
clusters. Thenumberofmajorclusterisalsoshownwhichisdeﬁned
as clusters containing more than 3% of the total back trajectories.
back trajectories were generated. The latitude and longitude
coordinates were converted to km north and km east respec-
tively (assuming a spherical Earth), whilst the pressure was
retained as hPa.
Back trajectories were processed using a custom made
cluster analysis routine, based on the method described in
Cape et al. (2000). An average linkage method was used to
compute the squared distance between each trajectory at in-
dividual time steps using Eq. (1):
d(xi,xj)=
X
k
n
(xki−xkj)2+(yki−ykj)2+(pki−pkj)2
o
(1)
where xki, yki, pki are coordinates of trajectory xi at each
time point k. The average distance between two trajectories,
xi and xj, are calculated. At the start of the analysis, each
trajectory is assigned to its own cluster. All possible pairs
are evaluated with the two clusters with the smallest aver-
age distance between their members joining. An iterative
process is employed until all trajectories reside in one clus-
ter. The “optimum” number of clusters may then be selected.
The procedure seeks to minimize within cluster variance and
maximize between cluster variance (Cape et al., 2000). This
method has been shown to be the most appropriate means of
classifying meteorological data (Kalkstein et al., 1987).
The number of clusters to retain for analysis is subjective
(Kalkstein et al., 1987). Several indicators may be used in
order to select an appropriate number of clusters, N. One
such indicator is the coefﬁcient of determination, R2, which
is deﬁned as the proportion of the variance explained by the
current number of clusters at each iteration step:
R2 = 1 −
X
N
(within cluster variance)
(variance of all trajectories)
(2)
where the ﬁrst sharp decrease can be used as a subjective in-
dicator of the number of clusters to retain (Kalkstein et al.,
Table 1. Summary of cluster solution including details of the num-
ber of proﬁles, SLRs and back trajectories associated with each
cluster.
Cluster Condition Proﬁles SLRs Back
trajectories
1 Atlantic origin 181 51 84
2 Easterly 44 19 19
3 Southerly 18 7 6
4 Northerly 29 N/A 18
5 Stagnant air masses 67 5 32
1987). The Root Mean Square (RMS) distance between clus-
ters may also be used, where an increase signiﬁes that two
dissimilar clusters have been joined (Cape et al., 2000). Sim-
ilarly to Cape et al. (2000), an indication of the number of
major clusters is deﬁned based on the number of clusters
containing more than 3% of the total number of trajectories.
Figure 2 displays the change in these measures as a func-
tion of the number of clusters for the trajectories initialized
at 750hPa. A comparison between R2 and RMS indicates
that the initial number of clusters to retain is 12 based on a
“step” in both statistics. The number of clusters was reduced
to 5 after examination of the trajectories and average 850hPa
geopotential height ﬁelds for each of the 12 clusters. The
clustering routine was also run for the 950hPa and 500hPa
pressure levels to ensure vertical consistency, which resulted
in a similar solution. Comparison of the retrieved solution
when the pressure term was excluded also resulted in a sim-
ilar solution. Thus the transport is dominated by changes in
the horizontal components. Furthermore, the 750hPa solu-
tionwasfoundtobesimilarwhentheanalysiswasperformed
on ﬁve day back trajectories. Consequently, the subsequent
discussion and analysis will be based upon the three day back
trajectories initialized at 750hPa.
The ﬁve cluster solution derived from the back trajectory
analysis is summarised in Table 1 and Fig. 3. To facilitate
interpretation of the cluster solutions, average geopotential
height ﬁelds were generated from ECMWF operational anal-
ysis data. These are included along with the full back tra-
jectory solutions for each cluster in the supplementary mate-
rial section (http://www.atmos-chem-phys.net/9/5389/2009/
acp-9-5389-2009-supplement.pdf). Cluster 1 encompasses
three initial clusters, which were dominated by westerly,
south-westerly and north-westerly trajectories. Thus this
cluster was prescribed as the Atlantic cluster. The associ-
ated synoptic conditions are representative of westerly ﬂow
into the UK region and northern Europe, consistent with the
clusters mean back trajectory. Cluster 2 comprised two clus-
ters made of easterly back trajectories from northern to cen-
tral Europe. The geopotential height ﬁeld shows a relatively
weak anticyclonic pressure system over the UK with outﬂow
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Fig. 3. (a) Mean back trajectories for the ﬁve cluster solution at six-hourly time steps. (b) Mean back trajectories for the ﬁve cluster solution
displaying the vertical deviation for an air mass with six-hourly time steps. Positive values indicate that an air mass has descended at a time
step.
from northern Europe. Cluster 3 comprised air masses origi-
nating from Spain and France. The synoptic situation is char-
acterised by high pressure over southern/central Europe and
over the central Atlantic. A low pressure system is situated
off the west coast of Ireland in the North Atlantic. This re-
sults in broadly southerly ﬂow consistent with the back tra-
jectories. Cluster 4 comprised largely north-westerly back
trajectories with a cyclonic rotational component distinct
from the previous north-westerly trajectories, which were as-
signed to cluster 1. The geopotential height ﬁeld is consistent
with the interpretation from the back trajectories. Cluster 5
comprises back trajectories centred on the UK representing
a relatively stagnant air mass. This is in agreement with the
geopotential height ﬁeld that displays a ridge of high pres-
sure situated over the UK. Cluster 3 is distinct from the other
clusters in terms of its vertical displacement as it is the only
cluster which ascends during its transit to the UK region.
3 UK aerosol chemical composition proﬁles
3.1 Full dataset characterisation
Summary statistics and individual data points of aerosol
chemical composition measured by the Q-AMS for the full
proﬁle dataset are presented in Figs. 4 and 5. The black raw
data points are those which fall above the 2σ proﬁle for each
individual species, where 2σ is deﬁned as two times the stan-
dard deviation for a 30s average data point. These are calcu-
lated for 500m altitude bins when the detected signal by the
Q-AMS is close to zero. In particular, resolving low mass
concentrations for organics and ammonium is difﬁcult due to
the signal-to-noise constraints of the Q-AMS. The variability
and indication of the number of points within an altitude bin
is represented by calculating the variability about the mean
value in each bin. This is deﬁned as the Mean Absolute De-
viation (MAD) divided by the square root of the number of
points, n, in an altitude bin. MAD is deﬁned as:
MAD =
1
n
n X
i=1
|i| (3)
where i is the absolute difference between the mean bin
value and the raw data value. The proﬁles are categorised by
a relatively small Inter Quartile Range (IQR, deﬁned as the
difference between the 75th and 25th percentile) with sul-
phate and organics having an IQR between 0–2µgsm−3 be-
low 3000m. This is interpreted as background mass concen-
tration levels. The higher concentrations above the 75th per-
centile are likely associated with pollution plumes. Nitrate
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Fig. 4. Vertical proﬁles of aerosol chemical composition from the AMS for the UK for each chemical species. Black crosses are individual
data points above the 2σ proﬁle for each species whilst grey crosses correspond to those below. Red lines are the 25th, 50th and 75th
percentiles for 500m altitude bins. On the right hand side panel for each species the red line shows the mean for each altitude bin with the
horizontal bar indicating the variability about the mean value, deﬁned in Sect. 3.1. Tabulated statistics are available in the supporting material
(http://www.atmos-chem-phys.net/9/5389/2009/acp-9-5389-2009-supplement.pdf).
10000
8000
6000
4000
2000
0
A
l
t
i
t
u
d
e
 
(
m
)
1.5 1.0 0.5 0.0 -0.5
Median Mass Concentration (µg sm
-3
)
 Organics
 Sulphate
 Nitrate
 Ammonium
Fig. 5. Sulphate, organics, nitrate and ammonium median mass
concentration proﬁles for the full dataset.
mass concentrations are generally much lower than organics
and sulphate with the peak concentration for the 75th per-
centile being less than 1.0µgsm−3. However, when nitrate
is enhanced, it is a major constituent of the sub-micron mass
detected by the AMS. Ammonium is broadly similar to the
sulphate and nitrate proﬁles due to its association with those
species in the form of ammonium sulphate and ammonium
nitrate, respectively.
Above 4000m, data coverage is much more limited and
the mass of aerosol is signiﬁcantly decreased. Sulphate and
nitrate mass concentrations are low with little variability, al-
though there is some evidence for enhanced sulphate con-
centration above 8000m. In contrast, organic mass is char-
acterised by low or negative mass concentrations, punctuated
by signiﬁcantly enhanced concentrations above the 2σ pro-
ﬁle. The25thpercentileforboththeorganicsandammonium
are negative above 4000m. The organic mass median pro-
ﬁle is relatively low (less than 1.0µgsm−3), whilst the 75th
percentile proﬁle above approximately 7000m is higher than
the corresponding proﬁle in the boundary layer. The vari-
ability about the mean in each bin is signiﬁcantly enhanced
compared with those below 4000m. This suggests large vari-
ability coupled with potentially low statistical signiﬁcance
above this level. Above approximately 5000m, the variabil-
ity and lower number of data points results in the variabil-
ity about the mean being more than two times greater than
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Fig. 6. (a) shows the median mass concentration proﬁles for the clusters for organics, sulphate and nitrate and (b) displays the corresponding
75th percentile mass concentration proﬁles. The legend indicates the respective cluster. Tabulated statistics are available in the supporting
material (http://www.atmos-chem-phys.net/9/5389/2009/acp-9-5389-2009-supplement.pdf).
values in the boundary layer. The variability in the values for
nitrate and sulphate are much lower due to improved SNR
for these species at higher altitudes compared with organic
mass. Bahreini et al. (2003) noted that the Q-AMS required
greater than one minute in order to yield statistically rea-
sonable mass concentrations using mass spectrum mode, al-
though this is improved when using selected ion monitoring
(DeCarlo et al., 2006) such as JMS mode. Consequently, the
concentrations sampled above the estimated detection limit
are statistically representative. However, in the case of the
organic mass outside of the boundary layer, the uncertainty
increases substantially.
3.2 Aerosol properties as a function of air mass history
The clusters identiﬁed in Sect. 2.3 present an opportunity
to compare aerosol properties in differing air masses. The
Atlantic cluster represents a largely clean air mass entering
the UK region. The cluster is representative of the input of
aerosol to Western Europe during such conditions. When
sampling in coastal areas downwind of the UK, such an air
mass will also be associated with pollution originating from
the UK itself. Proﬁles upwind of the UK in Atlantic con-
ditions are likely a combination of long-range transport and
potential marine sources. The easterly cluster is characteris-
ticofpollutiontransportfromnorthern/centralEurope. Some
additional input from the UK region may also occur depend-
ing upon the location of the sampling. The stagnant air mass
cluster will be examined also. The southerly and northerly
clustersareunder-sampledrelativetotheotherclusters. Thus
these are omitted from the subsequent analysis which will fo-
cus on the three dominant transport patterns.
Figure 6 indicates that aerosol concentrations are en-
hanced for the easterly cluster compared with the Atlantic
cluster. This is particularly evident in the case of nitrate,
which is very low for the Atlantic cluster, whereas for the
easterly condition it is a substantial component of the sub-
micron mass. This is consistent with European pollution
outﬂow leading to an enhancement in the mass concentra-
tion of nitrate. Sulphate and organic concentrations are also
enhanced due to the large availability of sources in conti-
nental Europe. Concentrations for the stagnant condition are
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Fig. 7. Average PCASP size distributions for (a) number and (b) volume. The legend indicates the respective clusters the distributions are
averaged over.
increased relative to the Atlantic case. This is consistent with
the general build-up of pollution during a stagnant air mass
episode.
Generally, the organics and sulphate proﬁles do not exhibit
strong gradients within the boundary layer itself. Nitrate dis-
plays strong coupling with NOx close to the surface (not
shown), decreasing to close to zero between 1000–1500m.
Such features are primarily a result of the advection of pol-
lution plumes driven by the larger scale dynamical situation.
Above 1500m, a secondary maximum occurs. Potentially,
this is a result of partitioning between the gas and particulate
phase at lower temperatures and enhanced relative humidity.
This is suggestive of nitrate formation being primarily driven
by the thermodynamics in this atmospheric layer.
Number-size distributions and estimated volume size dis-
tributions from the PCASP are shown in Fig. 7. These are
extracted from the SLRs identiﬁed in Fig. 1 and the rele-
vant number of SLRs for each cluster is shown in Table 1.
The ﬁrst two channels from the PCASP are omitted as these
have been known to experience elevated levels of intermit-
tent electronic noise. Consequently, the distributions shown
are from 0.15µm to 3µm. The shape of the distributions is
broadly similar. The number-size distributions all peak be-
tween 0.15µm and 0.3µm. The volume distributions for the
Atlantic, easterly and stagnant air masses peak at approxi-
mately 0.3µm. However, the distributions display signiﬁcant
differences between their concentrations, particularly above
0.3µm. Due to the relatively small number of SLRs for the
stagnant cluster, direct comparisons will be drawn between
the easterly and Atlantic only. Based on the volume distri-
butions, the majority of the mass sampled by the Q-AMS
will be for particles smaller than 600nm. The volume dis-
tributions indicate the presence of signiﬁcant super-micron
aerosol. This is likely composed of primary particles and is
not discussed further in this paper.
The easterly number-size and volume distributions are en-
hanced compared to the Atlantic distribution. This is par-
ticularly pronounced above 0.3µm. This is consistent with
the higher mass concentrations observed in the proﬁle data
for the easterly condition. Newly formed secondary species
condense upon available surfaces, further increasing the vol-
ume of material at larger sizes. Consequently, the distinc-
tions between the distributions for the easterly and Atlantic
clusters are consistent with the Q-AMS proﬁle data. The size
distributions from this analysis are consistent with those ob-
tained by Osborne and Haywood (2005) during the ACE-2
experiment within the instrument’s uncertainty. Osborne and
Haywood (2005) also noted an enhancement in the accumu-
lation mode as a result of aerosol aging.
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Harwell for the entire ﬂying period (5 April 2005 to 27 September
2006) covered by this study and the individual ﬂight days.
3.3 Pollution episodes and comparison with the surface-
based network
In order to study the characteristics of high pollution
episodes, several ﬂights have been selected based on ele-
vated measurements of PM2.5 mass concentrations from the
UK surface-based measurement network. The aircraft data is
comparedwitharuralmonitoringstationinHarwell, Oxford-
shire (51◦360000 N, 1◦1702400 W) in the South East of the UK.
The site is marked in Fig. 1. This station was selected due
to its location away from major population centres, roads or
industrial sources. Measurements made at the site are there-
forelargelyrepresentativeofregionalaerosolconcentrations.
Thus it provides an indication of the general pollution situa-
tion, which is independent of the measurements made on the
aircraft. The data is provided by the UK Air Quality Archive
website (http://www.airquality.co.uk/archive/index.php) for
the period covered by the analysis, which runs from 5 April
2005 to 27 September 2006. Daily mean values at Harwell
were available for 40 out of 41 ﬂights and were ranked ac-
cording to total mean loading. The data is summarised by
a frequency distribution shown in Fig. 8. The distribution
for the entire ﬂying period and the distribution for the ﬂy-
ing days are investigated using a two-sample T-test on un-
paired means in order to discern whether the distributions
are statistically different. The null hypothesis is that the pop-
ulation means are equal at the 0.05 (5%) signiﬁcance level.
The T-statistic for the distributions is 1.930, with a p-value
of 0.101. Consequently, the null hypothesis may not be re-
jected at the 5% level and the ﬂights are considered to be
Table 2. Details of ﬂights which occurred when daily mean PM2.5
measurements at Harwell, UK exceeded 15µgsm−3.
Date Flight PM2.5 mass concentration
number (µgsm−3)
21 Apr 2005 B091 16
13 Jul 2005 B110 16
17 Aug 2005 B122 17
22 Sep 2005 B133 16
12 May 2006 B198 21
representative of the entire analysis period. For the majority
of the analysis period (80% of the time), daily mean load-
ings were between 5–15µgsm−3. High pollution episodes
are accordingly deﬁned as those when the daily mean ex-
ceeds 15µgsm−3. Such episodes occur on 106 days out of
the 534 days during the considered analysis period. Flight
days where this value was exceeded are extracted for further
analysis and are summarized in Table 2. Five ﬂights in total
are extracted. The average synoptic situation, derived from
ECMWF geopotential height ﬁelds (not shown), for these
ﬂights consists of high pressure situated across much of the
UK region. This is consistent with a relatively stagnant or
recirculating air mass advecting European pollution outﬂow
to the UK.
Figure 9 displays the median and 75th percentile mass
concentrations of chemical composition as a function of
height for the high pollution episode data. Nitrate mass frac-
tion for the pollution episode data and the full dataset are
also shown. The data is consistent with the ground based
data from Harwell with increased mass concentrations de-
tected from the aircraft during the high pollution cases com-
pared to the full dataset. This is consistent with the air mass
history analysis in Sect. 3.2, with enhanced mass concen-
trations due to the large availability of sources in continen-
tal Europe. For the full dataset, sulphate and organics are
the dominant components, with concentrations of less than
1.6µgsm−3 each close to the surface. Nitrate accounts for
a small fraction of the sub-micron mass. For the high pol-
lution cases, all components are enhanced relative to the full
dataset. In particular, nitrate is signiﬁcantly enhanced for
both the median and 75th percentile mass loading. For the
75th percentile high pollution cases, nitrate is the dominant
chemical constituent between 0–1000m, with nitrate mass
concentrations exceeding 5µgsm−3. Thus, the nitrate mass
concentrationisenhancedbyafactorof10forthehighpollu-
tion cases relative to the full dataset. Below 3000m, nitrate is
the dominant inorganic constituent. These characteristics are
consistent with Sect. 3.1, with the high mass concentrations
being quite distinct from the general background trend. Such
high pollution episodes are coincident with considerable en-
hancements in the nitrate mass concentration and occurred
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Fig. 9. Distribution of Q-AMS mass as a function of height for high mass loading cases where (a) represents the median mass concentration
for each height interval and (c) represents the 75th percentile mass concentration for each height interval. (b) and (d) contrast the nitrate
mass fraction for the high mass loading cases and the full dataset for the median and 75th percentile, respectively.
on average 20% of the time during the ﬂying period (5 April
2005 to 27 September 2006) considered by this analysis.
4 Conclusions
The vertical distribution of aerosol chemical composition has
been characterised for the UK region. A back trajectory clus-
ter analysis formed the basis for categorizing the source his-
tory of the aerosol properties. A key general feature of the
proﬁles is the trend showing a relatively consistent back-
ground primarily composed of organic matter and ammo-
nium sulphate. The organic matter concentrations are similar
to the sulphate concentrations. The background conditions
are likely driven by long-range transport plus a potential in-
ﬂuence of local marine sources, which may be biogenic (e.g.
O’Dowd et al., 2002) or anthropogenic (e.g. Petzold et al.,
2008) in origin. The background mass concentrations are
similar to those measured by Coe et al. (2006) on the west
coast of Ireland during westerly conditions. Enhanced or-
ganic matter concentrations are infrequently observed in the
mid-troposphere, likely a result of long-range transport. Sul-
phate also showed a subtle increase above 8000m, poten-
tially as a result of long-range transport. Vertical mixing of
sulphate-enriched stratospheric air to the troposphere could
potentially contribute in this layer, although the coincident
ozone proﬁles do not show an increasing trend with alti-
tude in this region, which would be expected if troposphere-
stratosphere exchange was prevalent. The background pro-
ﬁles for the Atlantic cluster are representative of the input
of aerosol to Western Europe. The Atlantic cluster repre-
sented the predominant condition (53% of all back trajecto-
ries) of the cluster solution. Such proﬁles should serve as
a useful constraint for modelling studies. Summary statis-
tics for the vertical proﬁles are presented in the supple-
mentary material section (http://www.atmos-chem-phys.net/
9/5389/2009/acp-9-5389-2009-supplement.pdf) for the full
dataset and the cluster solutions. The background trend is
punctuated by higher concentrations associated with pollu-
tion plumes. Such plumes are shown to be more intense and
more frequent during periods of European outﬂow and peri-
ods of stagnant/recirculating air masses. Analysis of the UK
surface-based measurement network corroborates this con-
clusion, with pollution episodes occurring on average 20% of
the time during the ﬂying period. Furthermore, Abdalmogith
and Harrison (2005) showed enhanced mass concentrations
during periods of European outﬂow compared to inﬂow from
the Atlantic. Consequently, differing meteorological regimes
have a substantial impact upon the concentration, composi-
tion and microphysical properties of the aerosol input to the
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UK region. Such conditions increase the prospect of maxi-
mum mass concentration targets being exceeded and ampli-
ﬁed perturbations of the radiative equilibrium in the UK re-
gion. This has major implications for source apportionment
and impact studies.
A major facet of the enhanced mass concentrations ob-
served was the increase in the fractional contribution of
nitrate to the particulate mass. This is consistent with
previous composition proﬁles derived from AMS measure-
ments in Europe (Crosier et al., 2007a; Schneider et al.,
2006).This was particularly evident when assigning high pol-
lution episodes based upon the surface-based data and the
general features of the European outﬂow cluster. Further-
more, nitrate was shown to exhibit more variability as a func-
tion of height within the boundary layer compared to organic
matter and sulphate. Nitrate exhibited two maxima within
the boundary layer; one close to the surface and a second
close to the top of the boundary layer. Formation occur-
ring higher in the boundary layer is likely due to thermo-
dynamics driving the chemical partitioning of the gas phase
precursors to the particle phase. Such effects have previ-
ously been observed on the west coast of the USA (Neu-
man et al., 2003) and demonstrated using 1-D thermody-
namic modelling above Tokyo, Japan (Morino et al., 2006).
On the regional scale, organic matter is predominantly com-
posed of Secondary Organic Aerosol (SOA) under polluted
conditions in the Northern Hemisphere (Zhang et al., 2007),
which potentially contains a signiﬁcant semi-volatile fraction
(Donahue et al., 2006). Whether the organic matter displays
similar semi-volatile behaviour to the nitrate is unclear from
this dataset. The dataset does indicate that ammonium ni-
trate can be a substantial component of the regional aerosol
burden. Its complex vertical distribution highlights the re-
quirement for accurate representation of aerosol formation
and processes away from the surface.
These ﬁndings have signiﬁcant implications for treat-
ment of the radiative and ecological effects of anthropogenic
aerosol. Firstly, the addition of relatively more inorganic ma-
terial to a mixed inorganic-organic system will enhance the
hygroscopic nature of the aerosol. Consequently, the addi-
tion of particulate mass coupled with enhanced hygroscopic-
ity will greatly enhance the Aerosol Optical Depth (AOD) of
the atmospheric burden. Such impacts will be exacerbated in
areas exhibiting high relative humidity, such as the top of the
boundary layer. The deliquescence relative humidity of am-
monium nitrate is 62% (Tang, 1996) with a growth factor of
1.59atarelativehumidityof85%(Toppingetal.,2005), thus
the wet size of the aerosol is enhanced. Such effects combine
to greatly increase the scattering potential of the aerosol, in-
creasing the magnitude of the aerosol direct effect. Secondly,
clouds forming at the top of the boundary layer entrain air
from beneath them into the cloud. Enhanced ammonium ni-
trate concentrations in such air will lead to a modiﬁcation of
the microphysical properties of the cloud. Such modiﬁca-
tions are known to modify the amount, lifetime and radiative
impactofclouds, theso-calledindirecteffectofaerosols(e.g.
McFiggans et al., 2006). As well as such climate related im-
pacts, nitrate partitioning signiﬁcantly perturbs the nitrogen
cycle of the atmosphere. Particulate nitrate has a dry depo-
sition velocity which is ten times slower than that of nitric
acid (Seinfeld and Pandis, 1998). Consequently, transport
and ultimately deposition can be substantially altered by this
partitioning phenomenon. Further elucidation of the impact
of ammonium nitrate is required across Europe, particularly
in terms of its direct and indirect radiative effects.
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